Abstract α-Lipoic acid (LA) has been widely studied as an agent for preventing and treating various diseases associated with oxidative disruption of mitochondrial functions. To investigate a related mitochondrial antioxidant, we compared the effects of lipoamide (LM), the neutral amide of LA, with LA for measures of oxidative damage and mitochondrial dysfunction in a human retinal pigment epithelial (RPE) cell line. Acrolein, a major component of cigarette smoke and a product of lipid peroxidation, was used to induce oxidative mitochondrial damage in RPE cells. Overall, using comparable concentrations, LM was more effective than LA at preventing acrolein-induced mitochondrial dysfunction and oxidative stress. Relative to LA, LM improved ATP levels, membrane potentials, and activities of mitochondrial complexes I, II, and V and dehydrogenases that had been decreased by acrolein exposure. LM reduced acrolein-induced oxidant generation, calcium levels, protein oxidation, and DNA damage to a greater degree than LA. And, total antioxidant capacity, glutathione content, glutathione S-transferase, and superoxide dismutase activities and expression of nuclear factor-E2-related factor 2 were increased by LM relative to LA. These results suggest that LM is a more potent mitochondrial-protective agent and antioxidant than LA in protecting RPE from oxidative damage. © 2008 Elsevier Inc. All rights reserved.
antioxidants may be an effective strategy for reducing or preventing chronic RPE degeneration induced by oxidants in vivo from a variety of sources, including cigarette smoke.
Lipoamide (LM) is the neutral amide of LA. Unlike LA, LM does not occur naturally in either animals or plants. LM was first synthesized from LA based on the mixed carbonic-carboxylic anhydride method [13] . LM has been shown to be a better cofactor for α-oxo-acid dehydrogenase enzymes than free LA, and it is able to promote the recovery of postischemic myocardium in rats [14, 15] . It also has been shown to be an antioxidant in vitro [16] and prevents Fenton-type chemistry and resultant oxidative damage and apoptosis more efficiently than LA in a lysosomal membrane system [17] .
Based on these findings, we hypothesized that LM may be at least as protective as LA against RPE toxicity. In this study, we compared the protective effects of LM and LA in human ARPE-19 cells with acrolein-induced oxidative damage and mitochondrial dysfunction, focusing upon: (1) cell viability and mitochondrial function, (2) oxidant generation, (3) oxidative damage, and (4) the antioxidant mechanisms of activation on the phase 2 enzyme system.
Materials and methods
Chemicals dl-α-LM was purchased from Sigma (Fluka). (R)-α-lipoic acid tris salt (LA) was a gift from Klaus Wessel (Viatris, Germany) and was used for all experiments. Acrolein was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All other reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Cell culture and treatments
The human ARPE-19 cell line was obtained from Dr. Nancy J. Philip (Thomas Jefferson University, Philadelphia, PA, USA) and cultured in DMEM-F12 medium supplemented with 10% fetal bovine serum, 2.438 g/L sodium bicarbonate, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. ARPE-19 cells were used within 10 generations. For all experiments, unless otherwise stated, cells were pretreated with LM or LA for 48 h. The medium was discarded and new medium, with or without 75 μM acrolein, was added to the cells for 24 h. Finally, the cells were washed with PBS and collected for assay.
Cell viability and morphology
Cell viability was measured with a crystal violet staining assay. Cells were cultured in 96-well plates. After treatment, cells were washed twice with PBS, and then fixed with 4% paraformaldehyde for 30 min. Crystal violet (0.1%) was used to stain the cells for 10 min. Excess stain was washed away and crystal violet bound to the cells was dissolved with 10% acetic acid. Optical densities were measured at 570 nm with a microplate spectrophotometer (Spectra Max 190; Molecular Devices, Sunnyvale, CA, USA). For cell morphology, cells were cultured in 100-mm dishes. Cell morphology was assessed using light microscopy at 10× magnification.
JC-1 assay for mitochondrial membrane potential
Mitochondrial membrane potential changes in live ARPE-19 cells cultured in 96-well plates were determined using the lipophilic cationic probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) with a fluorescence spectrometer (Flex Station II 384; Molecular Devices) [18] . The fluorescence ratio (590 to 530 nm) was used for quantitative analysis.
MTT assay for qualitative mitochondrial dehydrogenase activity
The MTT [3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction assay was used as a qualitative index of mitochondrial dehydrogenase with a microplate spectrophotometer [18] .
Mitochondrial complexes I, II, III, IV, and V and pyruvate dehydrogenase activities
For the activity measurements of mitochondrial enzymes, cells were cultured on 100-mm plates. After various treatments, cells were harvested for enzyme activity measurement. For complexes I and II and pyruvate dehydrogenase (PDH), cells were fragmented by ultrasonication, and the crude homogenates were used to test enzyme activities. For complexes III, IV and V, cell mitochondria were isolated. NADH -CoQ oxidoreductase (complex I) ativity was assayed by Kumar's method [19] . Assays of succinateCoQ oxidoreductase (complex II), CoQ-cytochrome c reductase (complex III), and cytochrome c oxidase (complex IV) were performed as described [20] [21] [22] . Complex V activity was measured as oligomycin-sensitive Mg 2+ -ATPase activity [23] . The PDH assay was carried out according to Hinman's method [24] .
Intracellular adenosine 5′-triphosphate (ATP)
Cells were cultured in six-well plates. After various treatments, cells were lysed by 0.5% Triton X-100 in 100 mM glycine buffer, pH 7.4. Intracellular ATP levels were assayed with an ATP bioluminescence assay kit (Sigma) based on the luciferase-catalyzed oxidation of d-luciferin [25] .
Intracellular generation of reactive oxygen species (ROS)
Intracellular generation of ROS was assayed with the 2′,7′-dichlorofluorescein diacetate (DCFH-DA) method using a fluorescence spectrometer (Flex Station II 384; Molecular Devices) at 488 nm excitation wavelength and 530 nm emission wavelength [18] .
Intracellular calcium levels
Intracellular calcium levels were measured with a commercial assay kit (Jiancheng Biochemical, Nanjing, China). In this assay, calcium is reacted with methyl thymol blue to form a blue complex. Optical density was measured at 610 nm with a microplate reader.
Detection of protein oxidation
Protein oxidation was determined using the Oxyblot kit (Cell Biolabs, San Diego, CA, USA). Protein carbonyls were labeled by 2,4-dinitrophenylhydrazine and detected by Western blot.
Comet assay for DNA damage DNA damage was detected by the comet assay [26] . Cells were imaged using an Olympus BX61 microscope (40× objective) that was linked to an Olympus DP70 microcomputer imaging device. Nuclei stained with DAPI were excited with a UV laser (380 nm). Nuclei with tails were considered to be damaged.
Intracellular GSH levels
GSH levels were assayed with a commercial kit (Jiancheng Biochemical) based on a thiol-specific reagent, dithionitrobenzoic acid. The adduct was measured spectrophotometrically at 412 nm.
Glutathione S-transferase (GST) activity
Cells were cultured in six-well plates. After treatment, cells were lysed ultrasonically in 10 mM sodium phosphate buffer, pH 6.5. Protein content in the cell lysate was quantified by the BCA method. GST activity was measured in 5 mg protein in the presence of 1 mM GSH, 1 mM chloro-2,4-dinitrobenzene, 3 mg/ml BSA in 10 mM sodium phosphate buffer. The mixture was scanned at 340 nm for 5 min at 25°C as previously described [27] .
Intracellular superoxide dismutase (SOD) activity
Intracellular SOD activity was assayed with a commercial kit (Jiancheng Biochemical) using a xanthine and xanthine oxidase system to produce superoxide. The superoxide oxidizes hydroxylamine to nitrite to form a carmine-colored reagent and the optical density at 550 nm was measured with a microplate reader.
Total antioxidant capability
The total antioxidant capability was assayed with a commercial kit (Jiancheng Biochemical) using a spectrometric method. Ferric ion was reduced by antioxidant reducing agents and the optical density was measured at 520 nm with a microplate reader.
Nuclear factor-E2-related factor 2 (Nrf2) in total and nuclear proteins Cells were grown on 100-mm plates. Total protein and nuclear protein were isolated for Western blot analysis of Nrf2 level. Nrf2 was probed with anti-Nrf2 antibodies (Santa Cruz) at 1:1000 in both total and nuclear proteins. β-Actin and histone H1 were used as loading controls for total protein and nuclear protein, respectively. Anti-β-actin antibody (Sigma) was used at 1:10,000 and anti-histone H1 antibody (Upstate) was used at 1:1000. Chemiluminescence detection was done with an ECL Western blotting detection kit from Amersham Pharmacia [28] .
Statistical analysis
Results are presented as means ± SEM from at least three independent experiments. Group comparisons were made by one-way ANOVA, followed by determination of significant differences using post hoc comparisons with a Tukey HSD test. A p value b 0.05 was considered significant.
Results

Dose-dependent effects of LM on cell viability and mitochondrial dehydrogenases and membrane potentials
In order to study any protective effects by LM, AREP-19 cells were pretreated with varying concentrations of LM (10 to 100 μM) for 48 h and then treated with 75 μM acrolein for 24 h. Cell viability was measured with the crystal violet assay. In Fig. 1A , the solid horizontal line shows the optical density (OD) readings for viable control cells (OD ≈ 0.28). Without pretreatment (0 μM LM), acrolein caused a decline in cell viability to about 41.9% of the control (OD ≈ 0.12). In contrast, pretreatment with LM showed varying improvements to acrolein-induced declines in cell viability, with the maximal protective effect in the 40-60 μM range of LM pretreatment (Fig. 1A , solid squares and solid line).
Also in Fig. 1A , the broken horizontal line shows the OD readings for control cell mitochondrial dehydrogenase activity (OD ≈ 0.5). Acrolein at 75 μM for 24 h, without LM pretreatment, caused a significant decrease in mitochondrial dehydrogenase activity (OD ≈ 0.3). LM pretreatment showed varying, dose-dependent protective effects upon dehydrogenase activities in the 20-100 μM range (Fig. 1A , solid triangles and broken line). Fig. 1B shows similar effects of LM pretreatment for mitochondrial membrane potentials.
For the three measures related to cell viability and mitochondrial functions shown in Fig. 1 , maximal protective effects were observed for pretreatment of cells with 40 μM LM. Therefore, 40 μM LM was used in the following assays and compared with the same concentration of LA. For cells exposed to acrolein, pretreatment with 40 μM LM showed a statistically significant improvement in cell viability compared to acrolein-exposed cells without pretreatment ( Fig. 2A) . However, pretreatment with the same concentration of LA showed no significant improvement ( Fig. 2A) . Also, based on percentage cell viability, LM pretreatment was more protective than LA (p b 0.05).
Effects on cell viability
Fig . 2B shows representative cell morphological images corresponding to the experimental conditions of Fig. 2A (images a-c, no acrolein exposure; d-f, acrolein exposure). Without pretreatment, cells exposed to acrolein (image d) were fewer in number and had significant morphological changes compared to unexposed control cells (image a). LA pretreatment before acrolein exposure (image f) showed some protective effects compared to LA pretreatment without acrolein exposure (image c). However, similar to the results in Fig. 2A , pretreatment with LM before acrolein exposure (image e) showed significant protective effects, with little change in cell numbers or morphological characteristics compared to cells not exposed to acrolein (image b).
Effects on mitochondrial membrane potentials
LA or LM pretreatments alone had no obvious effects on the membrane potential measured with JC-1 fluorescence (Fig. 3) .
The fluorescence ratio of ARPE-19 cells decreased to 36.4% of the control after 75 μM acrolein treatment for 24 h. Pretreatment with 40 μM LA or LM for 48 h significantly protected cells from acrolein-induced decreases in membrane potential (Fig. 3) . For LA pretreatment, the fluorescence ratio recovered 82.3% of acrolein-unchallenged levels, and for LM the improvement 
Effects on mitochondrial enzymes
The MTT assay is a mitochondrial dehydrogenase activitybased test. Pretreatment with 40 μM LA or LM protected cells from the acrolein-induced decrease in cell mitochondrial dehydrogenase (Fig. 4, left) . Protection was 72.3% for LA and 98.9% for LM. LM was more protective than LA (p b 0.05).
The activities of the mitochondrial electron transport complexes I -V are essential for mitochondrial functions, and PDH is a critical enzyme in the energy metabolism cycle. As shown in Table 1 , compared to untreated control cells, acrolein exposure caused decreases of 27.9, 35.2, 19.6, and 48.2% for complexes I, II, and V and PDH activities, respectively. No significant decreases in activities for complexes III and IV were observed (data not shown).
LA pretreatment was effective in protecting complex I and PDH activities (Table 1) . By comparison, LM pretreatment was effective in protecting the activities of all four enzymes whose activities were diminished by acrolein exposure (complexes I, II, and V and PDH). Also, in these four cases, protection by LM was significantly greater than that of LA (Table 1) .
Effects on intracellular ATP levels
Results of assays for ATP levels are shown in Fig. 4 (middle). Acrolein treatment significantly decreased intracellular ATP levels to about 27.0% of the untreated control level. LM pretreatment significantly inhibited the acrolein-induced decrease in ATP level (81.1% of control). LA pretreatment also inhibited the ATP decrease (50.8% of control), but this level was not statistically different from the group treated with acrolein alone. LM is more effective than LA in inhibiting the acroleininduced ATP level decrease.
Effects on ROS generation
Results for intracellular generation of ROS are also shown in Fig. 4 (right) . Acrolein treatment caused a significant increase in intracellular generation of ROS, 8.2-fold over that of the control. LM pretreatment inhibited the acrolein-induced ROS generation to normal cell levels. In contrast, LA pretreatment did not show any inhibition of ROS generated by acrolein.
Effects on intracellular calcium levels
Oxidative stress and mitochondrial dysfunction may either result in or result from an increase in cytoplasmic Ca 2+ levels. As shown in Fig. 5 , treatment of ARPE-19 cells with 75 μM acrolein caused a significant increase in intracellular Ca 2+ levels (3.9-fold of control). Similar to the results of oxidant generation shown above, LM pretreatment significantly inhibited the acrolein-induced calcium increase, but LA pretreatment did not show any inhibition. inhibited the acrolein-induced formation of protein carbonyls; the decreased production due to LM pretreatment was significantly greater than that of LA pretreatment ( p b 0.01).
Effects on protein carbonyls
Effects on DNA damage
Fig . 7A shows representative images for the comet assay, which reflects DNA fragmentation, and Fig. 7B shows the percentages of cells with DNA damage based on this test. Acrolein treatment (75 μM, 24 h) caused 89% nuclear DNA fragmentation. LM pretreatment showed nearly complete protection (only 2% nuclear DNA fragmentation). This effect was much greater than that observed for LA pretreatment (53% nuclear DNA fragmentation).
Effects on total antioxidant capacity, intracellular GSH level, and activities of GST and SOD Table 2 shows the results from assays for intracellular GSH, SOD, total antioxidant capacity (T-AOC), and GST activity. Acrolein treatment (75 μM, 24 h) caused significant decreases in all of these antioxidant biomarkers. Compared to control levels, these were 26.9% for GSH level, 68.8% for SOD activity, 57.2% for T-AOC, and 13.8% for GST activity.
Without acrolein exposure, LM or LA pretreatment did not affect these antioxidant biomarkers (Table 2 ). However, with acrolein exposure, pretreatment with LM significantly protected against all these decreases. LA pretreatment protected against the decreases in GSH, T-AOC, and SOD, but not GST. The protection afforded by LM pretreatment seemed to be greater than that of LA; however, the differences between LM and LA pretreatment were not significant for these parameters (Table 2) . For total protein, both LM and LA pretreatment significantly inhibited the acrolein-induced decrease in Nrf2 expression; LM pretreatment was more effective than LA pretreatment (Figs. 8A and 8B). For nuclear protein, LM pretreatment significantly inhibited the acrolein-induced decrease in Nrf2 expression. In contrast, LA pretreatment did not significantly inhibit the acrolein-induced decrease in Nrf2 expression (Figs. 8C and 8D ).
Effects on Nrf2 expression
Discussion
Mitochondria are the main generation sites and targets of oxidants [29] . Mitochondrial decay is a key factor in aging and age-related diseases. Increasing evidence shows that aldehydes, including acrolein [30] , malondialdehyde [31, 32] , and 4-hydroxynoneanol [32, 33] , are reactive oxidants and that these toxins inactivate mitochondrial enzymes and cross-link proteins that are important in the aging process and age-related diseases.
Acrolein, as a major component of cigarette smoke and a byproduct of lipid peroxidation, has received special attention as it is a cytotoxic and genotoxic environmental pollutant [6] . Mechanisms of acrolein toxicity have been reported for mitochondrial dysfunction in rat brain [7, 23, 34] , heart [35] , and RPE cells [18] . Thus, acrolein-induced toxicity is a useful model for finding antioxidants and protective agents to prevent and to treat diseases associated with increased oxidative damage and mitochondrial dysfunction.
Consistent with previous results [18] , as shown here, acrolein treatment induced decreases in cell viability and measures of mitochondrial function, including decreased membrane potentials, activities of complexes I, II, and V and pyruvate dehydrogenase, and total ATP levels. Accompanying the mitochondrial damage, acrolein treatment induced changes in biomarkers of oxidative stress, including oxidant generation, calcium levels, protein oxidation, DNA damage, glutathione levels, expression of the antioxidant response regulator Nrf2, and total antioxidant capacity, and activities of GST and SOD. The acrolein-induced loss of enzyme activity may be attributed to the covalent binding to the enzyme active site to form various adducts, such as acrolein -lysine adducts [36, 37] .
Both in vitro and in vivo studies have shown that acroleininduced toxicity is mediated by increased oxidant production and oxidative damage [38] , suggesting that acrolein acts not only as a direct oxidant, but also as a generator of oxidants [39] . These newly generated oxidants may cause further loss of enzyme activity. To possibly counteract these effects, we have previously shown that LA, a known mitochondrial antioxidant and nutrient, protected RPE cells from acrolein-induced oxidative stress and mitochondrial dysfunction [9, 18] . However, these protective effects were not absolute, thus making searches for more potent antioxidants a priority.
In this study, we evaluated the protective effects of LM, the neutral amide of LA, which does not occur naturally in animals or plants, using human ARPE-19 as a model. We compared the effects of LM with those of LA for the following measures of acrolein-induced RPE toxicity: (1) cell viability and mitochondrial function, (2) oxidant generation, (3) oxidative damage, and (4) the antioxidant mechanisms of activation on the phase 2 enzyme system.
As shown in Figs. 1A and 2A, acrolein induced a significant decrease in cell viability measured with the crystal violet assay. LM inhibited the acrolein-induced toxicity, with an optimal effect in the 40-60 μM range (Fig. 1A) . At 40 μM concentration, LM showed greater protective effects than LA for acroleininduced cellular toxicity (Fig. 2A) . These results suggest that LM is an effective protective agent against acrolein-induced ARPE-19 cell toxicity.
One possible mechanism for the cytotoxicity of acrolein may be associated with mitochondrial dysfunction, as we have previously shown that acrolein is a mitochondrial toxin [30] . LM showed dose-dependent protection against acrolein-induced decreases in mitochondrial membrane potentials (measured by JC-1 staining; Fig. 1B) , with an optimal dose (40-60 μM) similar to that observed for protection of cell viability (Fig. 1A) . The protection of mitochondrial membrane potential by LM, similar to its effect on cell viability, was more potent than that of LA at 40 μM concentration, as shown by JC-1 fluorescence ratios (Fig. 3) . We used the MTT assay for measuring total mitochondrial dehydrogenase activity, as this assay depends on mitochondrial dehydrogenases for MTT conversion. The results (Figs. 1A and 4, left) are similar to those of the JC-1 assay, providing additional evidence for mitochondrial function involvement in acrolein-induced cellular injury. All results from the JC-1 and MTT assays suggest that LM, like LA, is able to protect mitochondria from acrolein-induced injury and that LM is a mitochondrial-protective agent.
Decreased mitochondrial membrane potential leads to dysfunction of mitochondria, such as decreased activities of mitochondrial dehydrogenase and ox-phos enzyme complexes and in ATP synthesis [40] . As with previously discussed results, LM showed significant protective effects against acroleininduced decreases in the activities of complexes I, II, and V (Table 1) ; dehydrogenases (Fig. 4, left) ; and PDH (Table 1 ) and in the levels of ATP (Fig. 4, middle) . In addition, as measured by these mitochondrial parameters, the protective effect of LM was greater than that of LA for the same concentration.
Acrolein is an oxidant that causes damage, such as protein cross-linkage. It can also induce the generation of other reactive oxygen species and cause increases in intracellular calcium [30] . As an antioxidant, LA inhibits oxidative damage by reducing oxidant generation and by increased scavenging of ROS. We compared the effects of LM and LA on the inhibition of acroleininduced increases in ROS and calcium. As shown in Fig. 4 (right) and Fig. 5 , LM showed a greater inhibition of ROS and calcium increases than LA. These results suggest that LM, like LA, is also an effective antioxidant and that this antioxidant activity may account for its protective effects on cell viability and mitochondrial function.
Increased ROS, if not scavenged immediately, will cause oxidative damage to macromolecules, such as proteins/enzymes and DNA, and weaken antioxidant defenses. As LM could inhibit ROS increases in ARPE-19 cells, it should protect proteins/ enzymes and DNA from oxidative damage. As expected, LM showed significant protection against acrolein-induced increases in protein oxidation (measured as protein carbonyls; Fig. 6 ) and oxidative DNA damage (Fig. 7) and decreases in total antioxidant capacity and SOD activity ( Table 2 ). All the protective effects of LM were more potent than those of LA at the same concentration (40 μM). These results suggest again that LM is a more potent antioxidant than LA.
LA is an inducer of phase 2 enzymes [41] . Nrf2 is a known a key regulator of antioxidant response element-mediated gene expression and inducer of phase 2 enzymes. In previous studies, LA was an effective Nrf2 activator in ARPE-19 cells [18] that enhanced the expression of γ-glutamylcysteine ligase mRNA in human fetal RPE cells [9] . We examined whether LM could also activate the Keap1/Nrf2 system. As shown in Fig. 8 , LM increased Nrf2 expression, and the effect was greater than that of LA at the same concentration. Like LA, LM is a potent inducer of Nrf2 expression.
A consequence of Nrf2 activation is the activation of phase 2 enzymes (GST, heme oxygenase-1, NAD(P)H quinine oxidoreductase-1, γ-glutamylcysteine ligase) that lead to an increase in antioxidants such as GSH and bilirubin [41, 42] . In our study, we measured the activity of one phase 2 enzyme, total GST, and the level of one antioxidant, GSH, as examples of phase 2 system enhancement. LM treatment increased total GST activity and GSH levels, consistent with its ability to stimulate Nrf2 expression. Further studies of other parameters of the Keap1/ Nrf2 system are warranted. For example, it is important to study the aldehyde-specific isoenzymes of the superfamily GSTs [43, 44] . A recent study showed that RNAi knockdown of certain GSTs sensitized the nematode to electrophilic stress induced by exposure to 4-hydroxynonenol and that interference with the expression of certain GST genes significantly shortened the life span of the nematode [45] .
The positive effects of LA can be attributed to several factors. First, the reduced form of LA, dihydrolipoic acid, is a powerful mitochondrial antioxidant [10, [46] [47] [48] . It recycles other cellular antioxidants, including CoQ, vitamins C and E, and glutathione, and chelates iron and copper [10, [46] [47] [48] . LA readily crosses the blood -brain barrier and is reduced to dihydrolipoic acid by NADH-dependent mitochondrial dihydrolipoamide dehydrogenase [46] . Second, dihydrolipoic acid is an effective transition metal chelator [49] . Third, LA is a redox regulator of proteins such as myoglobin, prolactin, thioredoxin, and transcription factor NF-κB [48, 50, 51] . In addition, LA is a cofactor of PDH and α-ketoglutarate dehydrogenase.
It has been suggested that increasing enzyme cofactor concentration may be an effective strategy to protect enzymes from oxidant attack or to stimulate defective enzyme activity [52, 53] . Therefore, administration of LA is beneficial to a number of diseases associated with oxidative stress and mitochondrial dysfunction, such as diabetes, cataracts, HIV activation, neurodegeneration, and radiation injury in animals [11, 18, 54, 55] . We clearly showed that LM is more potent than LA at the same concentration for protecting ARPE-19 cells from acrolein-induced oxidative stress and mitochondrial dysfunction. All protective effects of LA are attributable to its dithiol group. As LM has the same dithiol group, it is quite possible that it may also be beneficial in treating these diseases.
The reason for the greater protection by LM over LA is not known, but could be attributed to the substitution of -CONH 2 for -COOH. The substitution makes LM, compared with LA, relatively more stable than LA. This is attributed to resonance stabilization of CO-N, which is much less acidic at physiological pH and more lipid soluble, leading to better cellular availability. In addition, the amine group may have other physiological reactions. Further studies are needed for investigating the greater potency of LM compared to LA.
In conclusion, LM, the neutral amide of LM, is more potent than LA in protecting against acrolein-induced oxidative stress and mitochondrial dysfunction in ARPE-19 cells. The strong protective effects of LM against acrolein-induced cytotoxicity suggest that LM may be useful for the prevention or treatment of smoking-and age-related degenerative diseases, such as ageassociated macular degeneration.
